The effects of annealing temperatures and chelating agents on the structural and optical properties of ZnO nanoparticles were investigated. The average particle size of ZnO nanoparticles increased with increase of annealing temperatures. The decrease of the full width at half maximum (FWHM) with increasing annealing temperatures inferred increase of particle/grain growth. The grain sizes were also observed to be increased with increase of annealing temperatures. From the absorption spectra of the samples, the absorption was red-shifted and the energy band gap was blue-shifted with increase of annealing temperatures. A sharp UV emission peak was observed and the intensity of this peak increased with annealing temperatures corresponding to the high crystallinity in the samples. At high annealing temperature of 700 ℃, ZnO exhibited a less intense deep level emission. This negligible deep level emission was attributed to the oxygen vacancies created at higher annealing temperatures.
Introduction
Zinc oxide (ZnO) is a wide-band-gap, wurtzite-type semiconductor with an energy gap of 3.37 eV at room temperature. The large exciton binding energy and the wide band gap make it an excellent semiconductor material for applications considered for other wide-band-gap materials such as GaN and SiC. Nanomaterials and nanostructures have shown their great potential in basic scientific research and technology applications due to their size effect and their promising applications in nano scaled devices [1] . As a versatile semiconductor, ZnO is a potential functional material exhibiting many technological applications in photonic crystals, photo detectors, varistors, solar cells, transparent conductive films, and bulk acoustic wave devices and so on [2, 3] . Furthermore, its properties can be tailored by synthesizing particles of specific size, especially in nano size. The ZnO nanocrystals always exhibit novel unique properties due to quantum confinement effects compared with the bulk ZnO [4] . Nevertheless, the properties of the ZnO nanocrystals depend closely on their particle size, morphology, surface area, and activity [5] . Further, to monitor the material properties in a controllable fashion, suitable temperatures and annealing ambient environment have to be chosen [6] . Numerous studies have reported that an optimum annealing treatment not only improves the crystallinity  of ZnO, but also changes the Zn/O ratio and intrinsic defects [7] . Singh et al. [8] have reported the thermal annealing effects on the structural and optical properties of ZnO in terms of coarsening mechanism. With modified sol-gel combustion method, Zak et al. [9] have studied the structural and optical properties. At 500 ℃ annealing temperature, Yang et al. [10] have observed good emission properties with fewer defects. Kazemi et al. [11] have investigated the significant role of complexing agents on the structural and optical properties of ZnO nanoparticles with annealing treatment. However, the systematic study of the influence of annealing treatment on the structural and optical properties of ZnO nanoparticles with citric acid and polyvinyl alcohol as chelating agents has few reports.
In the present study, ZnO nanoparticles were prepared with citric acid (CA) and polyvinyl alcohol (PVA) as chelating agents. The samples were annealed at temperatures 400 ℃, 500 ℃, 600 ℃, and 700 ℃. The structural properties of the prepared samples were investigated by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The optical properties were studied with Fourier transform infrared spectroscopy (FTIR), absorption spectroscopy, and photoluminescence (PL) emission spectra. Based on the results, the effect of annealing treatment with chelating agents on the structural and optical properties was discussed.
Experimental
For preparing ZnO nanoparticles, Zn(NO 3 ) 2 ·6H 2 O, C 6 H 8 O 7 , and [-CH 2 CHOH-] n were taken as the starting chemicals. Zinc nitrate to chelating agent ratio was maintained as 1:3 throughout the experiment. In order to get 2 g of the final product, 0.8 M zinc nitrate was first dissolved in 30 mL of deionised water. Then, 6 g of polyvinyl alcohol (PVA) was dissolved slowly in 60 mL of deionised water, and stirred vigorously till a homogenous milk white solution was obtained. Then, zinc nitrate solution was added dropwise to chelating (PVA) solution. This milk white solution was vigorously stirred on hot plate at 70 ℃ till the gel formation. The gel was kept in an oven to get dried powders at 100 ℃ for 6 h. Finally, the as-prepared powders were annealed in a programmable muffle furnace with annealing rate 2 ℃/min to different annealing temperatures 400 ℃, 500 ℃, 600 ℃, and 700 ℃ and holding time 1 h. The same procedure was followed to prepare ZnO nanoparticles with citric acid (CA) as chelating agent. The samples were coded as per the annealing temperatures for simple understanding. For temperatures 400 ℃, 500 ℃, 600 ℃, and 700 ℃, the samples were coded as CA400, CA500, CA600, and CA700 with CA as chelating agent, respectively. In the same manner, PVA samples were also coded as PVA400, PVA500, PVA600, and PVA700 for temperatures 400 ℃, 500 ℃, 600 ℃, and 700 ℃, respectively.
The phase identification and crystallite sizes of the samples were determined using XRD patterns recorded on INEL XRG 3000 powder diffractometer equipped with Co Kα radiation (λ = 1.7889 Å) in terms of 2θ ranging from 20° to 120°. The morphology of the samples was studied with SEM model VEGA3TESCAN along with energy dispersive spectrometer (EDS). Formation of ZnO was confirmed from FTIR spectrum (Model: Perkin Elmer Spectrum-100) recorded in the wavenumber region 4000-400 cm 1 . Optical absorption of the samples was recorded using UV-visible (UV-Vis) spectrophotometer (Model: Varian, Cary 5000) in the wavelength region 250-600 nm. The PL measurements were performed on Jobin yuon spectrofluorometer (Model: Fluorolog-Fl3-11) equipped with a xenon lamp of 450 W.
Results and discussion

1 X-ray diffraction
The XRD patterns of ZnO nanoparticles prepared with CA and PVA as chelating agents at annealing treatments 400 ℃, 500 ℃, 600 ℃, and 700 ℃ are given in Fig. 1 . The reflection peaks at 2θ = 37.123°, 40.246°, 42.284°, 55.850°, 67.029°, and 74.369° correspond to (100), (002), (101), (102), (110), and (103) reflection planes of ZnO hexagonal wurtzite structure, respectively. The XRD spectra reveal the influence of annealing treatments on the structural properties. The intensity of the peaks gets sharpened and increased with increasing annealing temperatures for both CA and PVA samples. Primarily, the increase in the peak intensities is attributed to increase of the crystallinity and crystallite size. In general, for ZnO there are many dangling bonds related to the zinc and oxygen defects at the grain boundaries. As a result, these defects are favourable for the merging process to form larger ZnO grain when increasing the annealing temperatures [12] . The average crystallite sizes of all the samples were calculated using Debye-Scherrer formula [13] and are tabulated in Table 1 . The average crystallite sizes increase with increasing annealing temperatures, from 13 (at 400 ℃) to 41 nm (at 700 ℃) for CA samples. For PVA samples, it has increased from 7 (at 400 ℃) to 36 nm (at 700 ℃). In addition, the full width at half maximum (FWHM) values decrease with increase of annealing temperatures as shown in Fig. 1(c) . The changes in FWHM can be correlated to the grain sizes [14] ; the smaller FWHM indicates a larger grain size and a better crystal quality, which may be due to the recrystallization process with sufficient thermal energy supply.
2 Scanning electron microscopy
Microstructural characterization of synthesized samples was studied by SEM analysis. For morphological studies, gold coating was provided on the powder sample placed over a carbon tape. With increasing annealing temperatures, the grain growth is observed in both samples. The compositions of ZnO nanoparticles with different chelating agents were determined through EDS, which is shown in Fig. 2(c) .
3 Fourier transform infrared spectroscopy
Chemical and structural changes that take place during the heat treatment can be monitored by a spectroscopic analysis. Figure 3 depicts the FTIR spectra of the annealed samples CA400, CA500, CA600, CA700, PVA400, PVA500, PVA600, and PVA700. Two strong frequency bands are observed in all the samples at 556-445 cm 1 corresponding to characteristics of ZnO wurtzite structure [15] . The peaks observed at 1600 and 1384 cm 1 are assigned to the asymmetrical and symmetrical stretching of zinc carboxylate, respectively [16] . Further, for PVA samples these peaks persist till higher annealing temperatures, whereas for CA they are eliminated completely. This may be analysed as following: as the size of the nanoparticles increases with increase of annealing temperatures, the content of the carboxylate (COO-) and hydroxyl (-OH) groups in the samples decreases. The carboxylate probably comes from reactive carbon containing plasma species during synthesis and the hydroxyl results from the hygroscopic nature of ZnO. Annealing at 700 ℃ significantly reduces these carboxylate and hydroxyl impurities in all samples for CA, whereas for PVA they persist till higher temperatures as shown in Fig. 3 . Besides this, a band around 1384 cm 1 is attributed to the anti-symmetric NO 3 1 stretching vibration [17] . In addition to these bands, there is a low-intensity frequency band around 2900 cm
1
corresponding to the stretching vibration of CH 2 implying the presence of PVA and CA [18] . It has been confirmed from these bands that small amount of the chelating agent present on the surface of the sample which stabilizes the ZnO nanostructures [19] . The intensity of these bands reduces as a function of annealing temperature indicating the formation of pure wurtzite structure. Together, this suggests that these FTIR-identified impurities mainly exist near ZnO surface. 
4 UV-Vis absorption
The UV-Vis absorption spectra of the ZnO nanoparticles prepared with CA and PVA as chelating agents annealed at temperatures 400 ℃, 500 ℃, 600 ℃, and 700 ℃ are shown in Fig. 4(a) . The relevant increase in the absorption at wavelengths less than 400 nm can be assigned to the intrinsic band-gap absorption of ZnO due to the electron transitions from the valence band to the conduction band (O 2p -Zn 3d ) [20] . Interestingly, an obvious red shift in the absorption edge is observed for both the products. Zak et al. [9] have observed the same phenomenon; this may be assigned to changes in their morphologies, particle size, and surface microstructures. A practical method is to equate E g with the wavelength at which the absorption is 50% of the excitonic peak (shoulder), called λ 1/2 [21] . This is schematically shown in Fig. 4 (b). The energy band gap E g (λ 1/2 ) of ZnO nanoparticles calculated are shown in Table 2 . The increase in the ZnO band gap energy is in good agreement with the corresponding red shift observed in the absorption edge mentioned above. Further, from effective mass approximation, the energy corresponding to the exciton absorption peak has been converted in terms of particle size [22] :
where E is the band gap of the synthesised particle; g E is the bulk energy of ZnO; R is the radius of the particle; e m is the effective mass of the electron (0.28m 0 ); h m is the effective mass of the hole (0.49m 0 );   is the dielectric constant of the material (9.1); 0  is the permittivity of the free space; and h is the Planck's constant. The obtained values of the particle radius using the mass approximation are observed to be increased with increase of the annealing temperatures and are tabulated in Table 2 . 
5 Photoluminescence
The PL spectroscopy is an effective method to investigate the presence of defects in semiconductors [23] . Figure 5 shows the PL spectra of ZnO nanoparticles annealed at different temperatures with CA and PVA as chelating agents. It is observed from the Fig. 5 that, ZnO nanoparticles exhibit a strong excitonic related UV emission positioned at 395 nm for all the annealing temperatures. The intensity of this UV emission peak increases monotonously with increase of annealing temperatures. As the increase in the UV emission is associated with the grain and crystal orientation [24] , this can be further analysed as, with increase of the annealing temperatures, there is a reduction in the grain boundaries and the number of particles on the surface of ZnO nanoparticles. Consequently, the number of non-radiative transitions and deep level defects are supressed together, and thereby UV emission intensity has increased [6] . This can be further attributed to the reduciton of the carboxylates and hydroxyl impurities with increase of annelaing temperatures as observed in FTIR analysis.
As the carboxylates and hydroxyl impurites serve as the non-radiative recombination centers during the relaxation process, the non-radiative transitions are supressed. This behaviour indicates the improvement in the crystalline nature of the samples [25] . With increasing annelaing temperatures, some defect related emission is observed at higher temperature (700 ℃). In general, for the high-temperature annealing in air, the formation of Zn i (zinc interstitials) and V O (oxygen vacancies) is favourable [26] . Therefore, in the present study, the negligible emission occurring at high temperature 700 ℃ may be assigned to Zn i and V O defect states.
Conclusions
The wurtzite structure of ZnO was confirmed from the diffraction patterns of the samples. The average particle sizes estimated from the XRD results were observed to be increased with increasing annealing temperatures for both CA and PVA samples. The reduction in the FWHM with increasing temperatures has confirmed the improved crystallinity of the samples. The grain growth was further confirmed from SEM. From FTIR studies, with increase of annealing temperatures, the presence of carboxylate and hydroxyl impurities was reduced as the particle size increased. Further, this was reflected in the emission spectra, as the non-radiative recombination transitions were suppressed with increase of the particle sizes with increase of annealing temperatures. The optical band gap of the samples was blue-shifted with temperatures indicating particle size growth, and the particle sizes estimated using effective mass approximation corroborated the same. The increase in the intensity of the UV emission peaks with increase of annealing temperatures corroborated the XRD results. Along with a strong UV emission, some defect related emissions exhibited at higher temperature 700 ℃. This defect related emission was assigned to the oxygen vacancies created at higher annealing temperatures. STIC India, Cochin, for the characterization of absorption spectra of the samples.
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